amage to articular cartilage is a common injury, for which there is no effective treatment. Our aims were to investigate the temporal sequence of the repair of articular cartilage and to define a critical-size defect.
The inability of articular cartilage to repair and regenerate is well known [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] and the development of forms of treatment which improve such repair represents a major challenge. To our knowledge the spontaneous repair of osteochondral defects has not been studied for defects of varying size in a single study in a systematic manner. Mankin 6 in 1963 noted that articular cartilage in young rabbits was mitogenic but this was not seen in older rabbits, 11 and Meachim and Roberts 12 found better healing in younger animals. Convery et al 2 in 1972, in skeletally mature Shetland ponies, noted healing in non-weight-bearing defects but minimal healing in weight-bearing defects. In rabbits, Mitchell and Shepard 13 shaved off the articular cartilage and noted an initial reparative effort at two months and a subsequent decrease in proteoglycans at eight months. Salter 8 investigated the repair of articular cartilage in adolescent rabbits. He found no significant differences in healing between defects of 2 mm depth and those of 4 mm. 10, [13] [14] [15] [16] [17] Grande et al 18 made partial-thickness defects in skeletally mature rabbits and noted minimal repair at six weeks, and Shapiro et al 9 described the reparative sequence in rabbits with two full-thickness 3 mm defects in each knee. The role of endogenous and exogenous growth and morphogenetic proteins in the repair of cartilage has also not been systematically investigated. A prerequisite for such studies is the establishment of an experimental model in animals in which the epiphyseal growth plate is closed such as occurs in the rabbit. We have therefore investigated the influence of the geometry of osteochondral defects on the repair sequence in skeletally mature rabbits. Our hypothesis was that osteochondral defects of different diameters heal differently.
Materials and Methods
We used adult male New Zealand white rabbits weighing 3.2 to 4.1 kg which were allowed to acclimatise for seven days before surgery. The cage dimensions were 62 ϫ 64 ϫ 41 cm and the rabbits were allowed unrestricted movement within their cages (intermittent active movement) with food and water ad libitum.
The animals were anaesthetised with a mixture of keta- 75/100 Fibrocartilage superficial to Bound to cartilage on chondrocytes superficial to one side woven bone at the periphery and fibrocartilage in the centre mine (100 mg/ml) and xylazine (100 mg/ml) in a ratio of about 10:1 (Corey Young, personal communication). An initial dose of 5 ml (450 mg of ketamine and 50 mg of xylazine) was injected intramuscularly into the gluteal muscle. An additional 1 to 3 ml were occasionally required. The lower limb was shaved, prepared and draped in a sterile fashion. Medial parapatellar incisions were made in the skin and a capsular incision just medial to the patella taking care to leave a small cuff of fascia attached to the patella to ensure a strong capsular closure. The patella was dislocated laterally and hand-held drills of sizes of 1, 2, 3 and 4 mm were used to make full-thickness defects at each of these depths at the level of extensor digitorum longus. The origin of this muscle, on the lateral femoral condyle, is a relatively constant landmark and is at the level of the patellofemoral joint throughout the range of movement (40° to 140°) of the rabbit knee. 10 The depth of the defect was made to the level at which there was decreased resistance after the subchondral bone had been penetrated (approximately 5 mm). Any shards of remaining cartilage were carefully removed and the joint was irrigated with 5 ml of phosphatebuffered saline. The joint capsule was closed with 2-0 vicryl sutures and the subcutaneous tissue with 4-0 vicryl sutures. The skin was washed with 70% alcohol and the animals were observed during recovery from anaesthesia. They were then returned to their cages and allowed intermittent active mobilisation.
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On various days after surgery (3, 7, 14, 21, 28 , 42, 84 and 126) eight rabbits were killed with carbon dioxide. The knee was dissected and the distal femur fixed in 10% phosphate-buffered formalin for at least 48 hours before staining. The specimens were decalcified in sodium citrate and a 50:50 mixture of formic acid, embedded in plastic, cut into sections 2 m thick, floated in a water bath and placed on slides. A solution of Toluidine Blue consisting of 100 ml of 70% alcohol and 0.1 g of Toluidine Blue was applied to the sections for ten minutes. One central and two peripheral sections of each defect were prepared and examined. The repair of the defect was evaluated from the central portion of the defects according to the following criteria: 1) filling of the defect in the area of both cartilage and bone; 2) the appearance of the interface between the reparative tissue and the adjoining normal articular cartilage; 3) the reformation of subchondral bone up to the level of the tidemark as quantified by histomorphometry (Bioquant BQ Elite, Memphis, Tennessee) as a percentage of the total length of the defect (i.e., intact or completely healed subchondral bone = 100%); 4) the cell morphology; and 5) the degree of metachromasia assessed in the red colour spectrum quantitatively with normalisation to distant normally appearing cartilage within the same slide (Silicon Graphics).
Results Table I gives the results for all the sizes of defect on the same postoperative day and Figures 1 and 2 show defects of 1 mm and 3 mm on days 7, 21 and 84, respectively. The quantitative results in terms of metachromasia and reformation of subchondral bone indicated that the metachromasia at day 21 for defects of 1 mm is significantly greater than that for all the other sizes of defect except for defects of 2 mm which have the highest degree of metachromisia at day 42. This difference is not maintained at day 28 (Fig. 3) . The percentage of formation of subchondral bone up to the level of the tidemark in the defects of 1 mm healed significantly less well and those of 3 mm healed with the most subchondral bone (Fig. 4) .
Further analysis using polarised light showed that even at late time periods the collagen did not interdigitate between the repair tissue and the host despite normal or nearly normal metachromasia in the repair tissue (Fig. 5) .
Discussion
There are at least three salient features of the repair of all of these osteochondral defects. At days 3 and 7 there is some form of clot. At days 7 and 14 there is heterogeneity of cell type, cell density and matrix staining by Toluidine Blue. At days 21 and 28 there is evidence of intramembranous and or enchondral bone formation. These early features of spontaneous repair, however, differ fundamentally in the different sizes of defect.
The fibrin clot is present in the early stages in all sizes of the defect but has a unique shape in each. The clot retracts from its initial binding to the adjacent normal cartilage in the larger defects and it is these which later show a reparative response which is deep to the adjacent articular cartilage.
The mesenchymal cells appear to adopt a shape that is Graph of the percentage of subchondral bone which was repaired up to or above the level of the adjacent subchondral bone. more flattened and elongated in nature as the size of the defect increases. Therefore it seems that as the clot is stretched over a larger area the cells adherent to this clot are stretched in the same plane and this dictates their later shape and surrounding extracellular matrix. [20] [21] [22] [23] The smaller defects repair with initially more metachromatic staining but the lack of subchondral support in the smaller defects seems to lead to an earlier breakdown of the cartilage layer. We also noted a lack of interdigitation of the collagen fibres with time at the interface between the reparative tissue and the adjacent host cartilage.
We have established a reproducible model of spontaneous repair. This is the first step in the evaluation of any treatment modality for the challenging problem of cartilage repair. In the process of developing this model we have determined the ability of full-thickness defects in rabbit articular cartilage to heal spontaneously. This experimental model is especially useful for evaluating morphogenesis and cell-based treatment in cartilage repair. 24 This work was supported by a grant from Smith and Nephew/Richards.
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